Abstract. BACKGROUND: Statistics on lung cancer incidences and air pollutants show a strong correlation between air pollutant concentrations and pulmonary diseases. And environmental effects on lung cancer incidences remain highly unknown and uncertain in China. OBJECTIVE: This study aims to measure the relationships between different air pollutants and lung cancer incidences in Tianjin. METHODS: One thusand five hundred patients across 27 districts in Tianjin were studied for lung cancer incidences. The patients had come into contact with various air pollutants such as PM2.5, PM10, SO2, NO2, CO, and O3. These pollutants were measured daily and were published via a Geographic Information System across the 27 districts of Tianjin. The air pollutant compositions of environments the patients lived in were determined using the nearest air monitoring station to the patient. And we used rough set theory to measure the relationships between different air pollutants and lung cancer incidences. RESULTS: Different air pollutants and combinations of pollutants impacted lung cancer incidences differently across different districts, sexes, and lung cancer types in Tianjin. CONCLUSIONS: Based on data analysis and interpretation, rough set theory provided data relationships that were objective and interpretable. The method is simple, general, and efficient, and lays the foundation for further applications in other cities.
Introduction
Air pollution is a major environmental hazard to human health, especially to the human respiratory system. As such, relationships between air pollutants and respiratory disease have been extensively studied [1] [2] [3] . Pollutants in the atmosphere can invade the human respiratory system, causing chronic bronchitis, allergic diseases, acute respiratory infections, asthma, lung cancer and other respiratory diseases [4] . In particular, incidences of and mortality from lung cancer have increased rapidly over the past few decades [5] .
Typically, air pollutants consist of species such as soot, suspended particulates, inhalable particles (PM 10 ), fine particulate matter (PM 2.5 ), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), carbon monoxide (CO), ozone (O 3 ) and volatile organic compounds (VOCs) [6, 7] . The size of these particles also determines their transport characteristics and their impact on the human body. Particles less than 10 µm (PM 10 ) in diameter can enter the nasal cavity, those less than 7 µm can enter the throat, and those less than 2.5 µm (PM 2.5 ) can enter the lung and be deposited into the alveoli and then make their way into the bloodstream, leading to diseases related to heart and lung dysfunction [8] [9] [10] . PM 2.5 can directly enter the alveoli because their diameters are less than 1/20 of the thickness of a human hair [11] . During a quarter of the days over the past 2 years, the air quality index (AQI) in some areas of Tianjin was graded as "severe pollution" and the concentration of PM 2.5 played a major role in the poor air quality [12] .
Chinese researchers have studied the relationship between SO 2 and lung cancer since 2009, but the relationship between PM 2.5 and lung cancer is still an open research area [13] . Researchers in Japan, the United States, Europe, and nine other countries have shown a close connection between haze and increased incidences of lung cancer [14] . Generally, each additional 10 µg/m 3 of PM 2.5 over international standard concentrations will cause a 25-30% increased risk of lung cancer [15] . In China, most air pollutants are contained in smog and the smog concentration is 5-10 times higher than the averages of other countries [16] . As a result, studying the relationships between lung cancer incidences and air pollutants becomes very challenging. High lung cancer incidences are not typically associated with the longer-term environments that patients live in and environmental effects on lung cancer incidences remain highly unknown and uncertain in China.
In this study, we focused on the relationship between air pollution and lung cancer incidences. The research consisted of two parts. First, information for 1,500 lung cancer patients treated in the Tianjin Medical University General Hospital from 2011 to 2015 was studied. Second, real-time concentrations of air pollutants such as SO 2 , NO 2 , CO, O 3 , PM 2.5 and PM 10 , published by the 27 air pollutant monitoring stations across Tianjin between 2013 and 2015 were used to extract information about the patient's domestic environment. Meanwhile, it is assumed that the circumstances of air pollutants had no large changes at the same living area over the past five years, taking into account that there were no special meteorological phenomena in this period of time in Tianjin. The concentrations of air pollutants used for evaluating a patient's exposure were based on their proximity to the nearest monitoring station. Rough set theory was used to study the relationships between different air pollutants and lung cancer incidences. The results obtained identified which air pollutants and combinations of pollutants led to increased lung cancer incidences across different districts, sexes, and lung cancer types in Tianjin.
Data resources and research methods

Measurement of air pollutants
Air pollutant data in this study were obtained from Geographic Information System (GIS) monitoring stations between November 2013 and June 2015. Since December 31, 2011, the GIS platform had been operated on the official website of the Tianjin Environment Monitoring Center (http://air.tjemc.org.cn/). GIS had published average air pollutant concentrations for SO 2 , NO 2 , CO, O 3 , PM 10 and PM 2.5 , as well as six other air quality indices, as 1-h and 24-h averages. The total number of monitoring stations had been 27 since 2013. The distributions of these monitoring stations are shown in Fig. 1a . Tianjin is a vast city, whose north-south length is 189 km, east-west width is 117 km and coastline length is 156 km. The large size of Tianjin means that the climatic conditions in different districts are quite different. Hospital from 2011 to 2015. After collecting all the data, we removed some incomplete records that did not contain the type of lung cancer and some records for patients who did not live in Tianjin for the majority of their lives. In total, 1,500 complete records were available and analyzed further. Table 1 presents complete statistical information for the 1,500 patients. The 1,500 patients were grouped in three different ways: 1. Where they lived. All 1,500 patients were divided into 27 groups based on their proximity to the nearest air quality monitoring station. 2. Sex. All 1,500 patients were grouped by their sex because male and female individuals had different physical characteristics and tolerances to air pollutants. 3. Lung cancer types. Adenocarcinoma and squamous cell carcinoma accounted for 73% of the total number of patients. As such, these two classes of patients were selected from the 1,500 patients and were divided into adenocarcinoma and squamous cell carcinoma groups. 4. Age distributions. All 1,500 patients were divided into 4 groups based on their ages because individuals of different ages had different resistances to air pollutants.
Generation of correlative data
Based on the locations of the 27 air quality monitoring stations, the 1,500 patients were divided into 27 groups. Factoring in the number of patients and the population census results from the webset of Table 2 . When the patients in each district were further divided based on their sexes and lung cancer types, the lung cancer incidences ( ) were also computed. Columns 9-13 in Table 2 present the results of this analysis and are denoted as TOTAL, MALE, FEMALE, ADEN (adenocarcinoma), and SQUA (squamous cell carcinoma).
Decision table using the rough set theory tool
Rough set theory can be used for data analysis and reasoning, finding implicit relationships, and revealing potential data laws. Compared with other tools, rough set theory does not need any prior information [17, 18] , so rough sets can be useful for analyzing relationships between air pollutants and lung cancer incidences.
In rough set theory, a two-dimensional decision table (or information table) is necessary to describe the interrelationship between conditional and decision attributes [19, 20] . Table 2 is expressed as a decision table that can be used for analysis of the rough set theory tool.
In the knowledge discovery process using the rough set theory tool, a set of input attribute values is needed for discretization. Through the discretization process, the granularity of attribute values is changed so that the size of the information table can be effectively reduced. The user determines discrete intervals. Table 3 shows the discrete criteria of the conditional and decision attributes in this work. For convenience, the notations 'low', 'medium', and 'high' are replaced by the numbers '1', '2', and '3', respectively. DF1-DF5 refer to the five decision attributes in Table 2 (TOTAL, MALE, FEMALE, SQUA, and ADEN, respectively). Consequently, Table 2 can be converted into Table 4 . The 'null' value refers to missing items that were deleted during data processing.
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Reasoning based on the rough set theory tool
The use of rough set theory tool depends on certain notations. Definition 1. Let r be a binary relation to set A to satisfy the reflexivity, symmetry, and transitivity; then r is termed an equivalence relation to A.
An equivalence class is a subset of the elements that are similar to each other, while different equivalence classes have little or no similarity to each other. Suppose r ⊆ R and r = ∅, the intersection of all the equivalence relations on R is termed an indiscernible relation on R (ind(R)).
Definition 2. Let R be a family set of equivalence relations and r ∈ R. If ind(R) = ind(R − {r}), then r can be omitted from R, otherwise it is not omitted. If every relation, r, in R, is not omitted, then R is independent; otherwise it is dependent or non-independent. Definition 3. If Q ⊆ P is independent and ind(Q) = ind(P), then Q is a reduction of the family set of relation P. All the relations that are not omitted in the family set of relation P are called the core of P (core(P)).
The rough set theory tool applies the process of information reduction to recover the knowledge hidden in the decision table. Obviously, there may be more than one reduction of P (the non-uniqueness of reduction). If red (P) represents the family set of all reductions, then the following conclusion can be made: the core of P is equivalent to the intersection of all reductions of P, i.e., core(P) = ∩ red(P). All reductions of a dataset can be obtained by simplifying the discernible function derived from the discernible matrix. Although there are many typical reduction algorithms, the Johnson reduction algorithm is a common reduction method because it is simple and efficient [21] .
Assuming B represents a reduction set, S represents each set in the discernible function, and w(S) represents the weight of S. The basic steps in the Johnson reduction algorithm are presented in Table 5 .
Reduced table
In this work, we used the Johnson algorithm to reduce and extract rules. The core sets are presented in Table 6 and the computed rules are shown in Table 7 .
After removing rules whose support degrees were not higher than 3 in Table 7 , three rules of high support degree are presented in Table 8 .
Similarly, rules for male and female individuals and rules for adenocarcinomas and squamous cell carcinomas were determined, as shown in Tables 9 and 10 , respectively. 
Correlation analysis
Also, the variation tendencies of air pollutant concentrations and total lung cancer incidences in 27 different districts are shown in the Fig. 2 . To make the means of air pollutant concentrations and the lung cancer incidences data are equal, each kind of air pollutant data are processed respectively.
By setting the lung cancer incidences as the x axis and the air pollutant concentrations as the y axis, the Fig. 3 was obtained. In Fig. 3a-f , the fitted curve which has the best fit to the series of data points after removing one outlier, reflects the distribution trend of these scatters. Table 8 shows that the relationships between the incidences of lung cancer and air pollutant concentrations can be summarized as:
Results and discussion
-When SO 2 concentrations are high, lung cancer incidences are high; -When SO 2 concentrations are high and CO concentrations are near the average value, incidences of lung cancer increase substantially; and -When SO 2 concentrations decrease, incidences of lung cancer decrease. Based on these results it is possible to conclude that SO 2 concentrations have a strong impact on lung cancer incidences. This conclusion is supported by many other studies around the world [13, 22, 23] .
Some rules in Table 7 indicate that other air pollutants, such as PM 10 and PM 2.5 , have little effect on lung cancer incidences because their rules have low support degrees. However, elevating PM 10 and SO 2 concentrations combination can play a more important role in female lung cancer incidences than male. PM 2.5 concentrations have little impact, except when other air pollutants were mixed in. Some researchers have reported finding specific interrelations [24] . We suggest that if there are specific interrelations there may be a lag effect because air pollutants that affect incidences of lung cancer must be present over several years. If the "decision attribute" in Table 4 is replaced by individual male or female incidences of lung cancer, rules of high support degree were obtained, as shown in Table 9 . Table 9 shows that: -When SO 2 concentrations are high, the likelihood that both male and female individual have lung cancer is high, and when SO 2 concentrations decrease, male and female incidences of lung cancer decrease; -PM 10 plays a larger role in female lung cancer incidences than in male lung cancer incidences. This demonstrates that the sex differences can produce different responses to the same pollutant; and -When SO 2 , CO, and PM 10 are mixed at their average concentrations, male lung cancer incidences substantially increase. When NO 2 , O 3 , and PM 10 are mixed at their average concentrations, female lung cancer incidences substantially decrease. Table 2 indicates that the numbers of male patients are larger than the numbers of female patients, with ratios of male and female patients of 2.01 and 1.63, respectively. The average ratio of male-to-female patients is 1.23. This shows that for lung cancer patients, males are more seriously affected than females and that men are more sensitive to air pollution.
If the "decision attribute" in Table 4 is replaced by the two main types of lung cancer, adenocarcinomas and squamous cell carcinoma, the following rules from For comparison purposes, linear correlation analyses were conducted to identify correlations among the two main types of lung cancer and different air pollutants, as shown in Table 11 . In Table 11 , 0 represents 'no correlation' and 1 represents 'correlation'. The results for ADEN were consistent with rules extracted using rough set theory.
Also Fig. 2 shows that the variation tendency of SO 2 concentrations has a significant similarity with lung cancer incidences, followed by PM 10 and NO 2 . Figure 3 shows that there is a significant positive correlation between SO 2 concentrations and lung cancer incidences. And NO 2 also has a positive correlation with lung cancer incidences, but the correlation is not obvious.
Conclusions
Tianjin covers a vast area and measurements of air pollutants were taken over the whole area. Because of the scale of the measurements, we quantified pollution concentrations for the domestic environments of each individual lung cancer patient. We used rough set theory to evaluate incidences of lung cancer and identified the main factors behind lung cancer in Tianjin. Based on data analysis and interpretation, rough set theory provided data relationships that were objective and interpretable. The results can provide an important basis for the management of pollutants and improving environmental quality for the residents of Tianjin. This research method is general and can be applied to other cities in China or around the world.
The main limitation of this work was the lack of sufficient sample numbers of various lung cancer tumors. If there were more adequate sample numbers, based on regional differences, it would be possible to further extract more precise and quantitative results, including how much of an increase in pollutant concentrations causes increased cancer incidences. Pollution concentrations are also seasonal, with the worst concentrations during the spring and winter and the lowest concentrations during summer [25] . These factors have not yet been analyzed and require further research.
